Ciguatoxins are a family of marine toxins composed of transfused polycyclic ethers. It has not yet been clarified at the atomic level on the pathogenic mechanism of these toxins or the interaction between a polycyclic ether compounds and a protein.
Ciguatoxins are a family of ladder-like polycyclic ethers that causes ciguatera seafood poisoning in tropical and subtropical regions; more than 50,000 people suffer annually from this type of food poisoning (1) (2) (3) (4) (5) (6) (7) . CTX3C, which contains 13 ether rings, is probably the best known the member of polycyclic ether family. Although CTX3C is known to bind to voltage-sensitive sodium channels, like other polycyclic ether toxins (8 -10) , the precise pathogenic mechanism remains to be elucidated, and methods for the treatment of ciguatera poisoning have not yet been developed (5) .
Oguri et al. (11) established a direct sandwich enzyme-linked immunosorbent assay using two distinct monoclonal antibodies (10C9 and 3D11) to detect CTX3C at the parts per billion level with no cross-reactivity against other related marine toxins. 10C9 IgG is prepared by immunization of mice with a carrier protein (keyhole limpet hemocyanin (KLH) 3 ) conjugated to the ABCDE-ring of CTX3C. 10C9 IgG binds not only to CTX3C-ABCDE but also to full-length CTX3C (Fig. 1) , with dissociation constants of 0.8 and 2.8 nM, respectively. Because the skeletons of polycyclic ethers are so rigid and because the compounds are so large (12-15) (they extend beyond the binding surface of the paratope of the antibody (200 -400 Å 2 ) (16 -21) ), how the antibody recognizes the polycyclic ethers within the limited areas of the antigen-binding site for the compounds is not clear. Elucidation of the recognition mechanism is important for the development of therapeutic or diagnostic agents for ciguatera, and furthermore, analytical reagents and catalysts for the synthesis of other polyether-like compounds.
We focused our investigation on anti-ciguatoxin antibody 10C9 and the mechanism by which it recognizes the ABCDring and ABCDE-ring fragments of CTX3C (Fig. 1) . For that purpose, we determined the crystal structures of 10C9 Fab in the ligand-free form and in complex with CTX3C-ABCD or CTX3C-ABCDE. Comparison of the three structures revealed that recognition of the CTX3C fragments by 10C9 Fab involves three features: a large, deep antigen-binding * The research was in part supported by the Solution-Oriented Research for Science and Technology project from the Japan Science and Technology Agency, Japan. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. □ S The on-line version of this article (available at http://www.jbc.org) contains supplemental Tables 1-3 pocket that captures the fragments, polar residues that form hydrogen bonds with the antigens, and rotational conformational changes that stabilize the complexes.
MATERIALS AND METHODS

Preparation of Antigen Fragments CTX3C-ABCD and CTX3C-ABCDE-
The left-hand portions of CTX3C (CTX3C-ABCD and CTX3C-ABCDE) were synthesized according to previously described methods (22, 23) . CTX3C-ABCDE was conjugated to KLH to yield ABCDE-KLH for immunization of mice to prepare the 10C9 monoclonal antibody (11) .
Preparation of 10C9 Fab-10C9 IgG was prepared as described previously (11) . 10C9 Fab was obtained by papain digestion of 10C9 IgG and purified on a Protein A column (Fab preparation kit; Pierce) followed by cation exchange chromatography (Resource S column; GE Healthcare) and size exclusion chromatography (HiLoad TM 26/60 Superdex 200; GE Healthcare). The purity and homogeneity of the fragment were evaluated by means of SDS-PAGE.
Crystallization of Ligand-free 10C9 Fab and Its Complexes with CTX3C-ABCD and CTX3C-ABCDE-Purified 10C9 Fab was dialyzed against a stock buffer (10 mM Tris-HCl, pH 8.0) and then concentrated to 8 mg ml Ϫ1 for crystallization trials. For preparation of the CTX3C-ABCD⅐10C9 Fab complex, the appropriate amount of a 500 M CTX3C-ABCD solution in DMSO was added to the protein solution (final 10C9 Fab/ CTX3C-ABCD molar ratio, 1:1.7), and for preparation of the CTX3C-ABCDE⅐10C9 Fab complex, a 5 mM CTX3C-ABCDE solution in DMSO was added to the protein solution (final 10C9 Fab/CTX3C-ABCDE molar ratio, 1:1.2). The mixtures were subjected to static incubation at room temperature for 1 h prior to crystallization experiment. The initial crystallization conditions were screened by the sparse matrix method at 20°C Diffraction Data Collection and Processing-X-ray diffraction experiments were performed at the Photon Factory (Tsukuba, Japan). The data set for crystals of ligandfree 10C9 Fab was collected on beamline NW12 under cryogenic conditions (100 K), and the data sets for the complexes with CTX3C-ABCD and CTX3C-ABCDE were collected on beamlines 6a and 5a, respectively. Diffraction data for the ligand-free fragment and the two complexes were collected to a maximum resolutions of 2.6, 2.4, and 2.3 Å, respectively. Data were indexed, integrated, and scaled with the HKL-2000 program package (24) . Data collection and processing statistics are summarized in supplemental Table 1 .
Structure Determination and Refinement-The structures of 10C9 Fab in the ligand-free state and in complexes with CTX3C-ABCD or CTX3C-ABCDE were determined by the molecular replacement method using the program PHASER (25) . The heavy and light chains of 10C9 Fab (Protein Data Bank codes 1HQ4 and 1Z3G, respectively) were used as search models for the heavy and light chains of 10C9 Fab in complex with CTX3C-ABCD. Then, the heavy and light chains of 10C9 Fab in complex with CTX3C-ABCD were subsequently used as search models for 10C9 Fab in the ligand-free state and in complex with CTX3C-ABCDE. The structural coordinates of CTX3C-ABCD and CTX3C-AB-CDE were modeled manually with the graphical program XtalView (26) . The coordination file, the topology file, and the parameter file for CTX3C-ABCD and CTX3C-ABCDE were prepared with the Dundee PRODRG2 Server (available on the World Wide Web). To monitor the quality of refinement, a random 10% subset of all the reflections was set aside for calculation of the R free -factor. The positional and individual B-factor refinements of structures in the ligand-free form and in complex with CTX3C-ABCDE were carried out with the program CNS (27) . The refinement of the structure in complex with CTX3C-ABCD was carried out with the program REFMAC5 (28) . Finally, the water molecules were added automatically, and then ligand molecules were placed manually. The crystallographic R and R free values of 10C9 Fab in the ligand-free state and in complexes with CTX3C-ABCDE and CTX3C-ABCD converged to 22.0 and 27.0%, 22.8 and 26.9%, and 29.8 and 33.9%, respectively. The stereochemical quality of the final refined models was analyzed with the program PROCHECK (29) . The refinement statistics are summarized in supplemental Table 1 . 
Structural Comparison between Ligand-free Fab and Its
Complexes-The three-dimensional structures of the CTX3C-ABCD⅐10C9 Fab and CTX3C-ABCD⅐10C9 Fab complexes were superimposed on the structure of ligand-free 10C9 Fab with the LSQKAB program (part of the CCP4 suite of programs) (30) . The root mean square (r.m.s.) deviations between the complexes and ligand-free 10C9 Fab were calculated with the COMPARE program (also part of the CCP4 suite) (31). The three-dimensional structures were generated by the PyMol program, which provides a high quality rendering of three-dimensional structure (available on the World Wide Web).
Isothermal Titration Microcalorimetry-The thermodynamic parameters of the interactions between 10C9 Fab and the two antigen fragments were determined by isothermal titration microcalorimetry with a VP-ITC Micro Calorimeter (MicroCal Inc.). The antigen fragments (ϳ5 M in phosphatebuffered saline) were titrated with a 50 M solution of 10C9 Fab in the same buffer at 25°C. Thermogram data were analyzed by means of the ORIGIN program (MicroCal).
Differential Scanning Calorimetry-The thermostabilities of 10C9 Fab in the ligand-free state and in complexes with CTX3C-ABCD and CTX3C-ABCDE were evaluated with a VP-DSC Capillary Cell Micro Calorimeter (MicroCal Inc.). 10C9 Fab (20 M in 10 mM Tris-HCl buffer, pH 8.0) was used for the measurements. The antigen fragments were separately dissolved in DMSO, and the solutions were added to the protein solution (final 10C9 Fab/antigen molar ratio, 1:1.2). The temperature value at the peak partial molar heat capacity was taken as the T m value for the species.
RESULTS AND DISCUSSION
Crystal Structures of 10C9 Fab in the Ligand-free Form and in
Complexes with CTX3C-ABCD and CTX3C-ABCDE-The crystal structure of ligand-free 10C9 Fab was determined by the molecular replacement method at a resolution of 2.6 Å (supplemental Table 1 ). The structure shows that 10C9 Fab possess an extraordinarily large and deep pocket (depth, 11 Å) in the interface between the variable heavy and light chains (VH and VL). Aromatic and hydrophobic amino acid residues, such as L- ; and CDR-H3, from H-Phe 97 to H-Ser 99 ) are disordered and could not be precisely located in either molecule of the asymmetric unit, although atoms of the main chains could be located. These results suggest that the some regions of the CDR loops are flexible in the ligand-free molecule (32, 33) . In addition, residues from H-Ser 128 to H-Asn 133 in the CH1 domain were completely disordered due to the flexibility of the loop. The crystal structures of the 10C9 Fab complexes with CTX3C-ABCD and CTX3C-ABCDE were determined at resolutions of 2.4 and 2.3 Å, respectively (supplemental Table 1 ). In the CTX3C-ABCD⅐10C9 Fab complex, two molecules are arranged in the asymmetric unit. The electron density map of the variable region of one of the molecules was too poorly defined to build a model due to the high flexibility of the protein. Nevertheless we were able to construct a model of the other molecule, although the residues from L-Ile 150 to L-Gln 156 , from L-Thr 180 to L-Tyr 192 , from H-Gly 127 to H-Val 136 , and from H-Pro 184 to H-Ser 186 in the constant region of this molecule are also disordered. These structural flexibilities caused high R-and R free -factors in the structural refinement procedure. Although we could not build a complete structural model of the constant regions, one of the 10C9 Fab molecule in complex with CTX3C-ABCD was well defined. It is noteworthy to mention that the electron density maps of the CDR loops in the CTX3C-ABCD complex were well defined, whereas the electron density maps of the same regions in the ligand-free form were significantly no islet. This result suggests that the CDR loops are fixed upon binding to CTX3C-ABCD.
For the CTX3C-ABCDE⅐10C9 Fab complex, we constructed a structural model for all of the residues except for those in the region (from H-Gly 127 to H-Asn 133 ), which is completely disordered. Note that the electron density map of the CDRs was well defined in the CTX3C-ABCDE⅐10C9 Fab complex, as was the case for the CTX3C-ABCD complex. These results suggest that the flexible loops of the CDR are stabilized upon complexation with the antigen fragments.
The structures of 10C9 Fab in ligand-free form and in complexes with CTX3C-ABCD and with CTX3C-ABCDE are shown in Fig. 2 . Both antigen fragments are longitudinally bound within the pocket with the A-ring directed toward the bottom of the pocket. CTX3C-ABCD and CTX3C-ABCDE are buried inside the pocket to a length of ϳ10 Å, and the surface areas buried within the cavity are 90 and 80%, respectively. A tail of CTX3C-ABCDE protrudes from the cavity. In ligand-free 10C9 Fab, the pocket is present at the center of the variable region prior to antigen binding, although the entrance of the pocket is very narrow. The antigen-binding pocket is expanded by flipping of the side chain of L-Trp91 at the entrance of the pocket. The crystal structures of both complexes indicate that the indole ring flips around to open the gate for the antigens and provide a large hydrophobic space for them to bind (supplemental Fig. 1) .
Antigen-Antibody Interactions-In the CTX3C-ABCD⅐10C9 Fab and CTX3C-ABCDE⅐10C9 Fab complexes, the antigen fragments are positioned identically within the binding pocket (Fig. 3) . The numbers of water molecules in the binding pocket are equal for the three crystal structures. Although the positions of the water molecules are not the same in the three 10C9 Fab structures, there are two hydrated water molecules at the interface between the antigen fragment and the antibody in the crystal structures of the complexes, and they bridge the space between the antigen fragments and 10C9 Fab by forming hydrogen bonds.
In both complexes, the side chains facing the antigen fragments are almost identical in conformation and orientation, except for H-Asn 58 . Fig. 4 shows a close-up view of the entrance to the antigen-binding pocket in the two complexes. In the CTX3C-ABCDE⅐10C9 Table 1) .
The interactions between atoms in CTX3C-ABCD and 10C9 Fab and between atoms in CTX3C-ABCDE and 10C9 Fab were evaluated on the basis of the three-dimensional structures (supplemental Fig. 2, supplemental Table 2 ). Van der Waals interactions and hydrogen bonds were involved in the direct anti- gen-antibody interactions in both complexes. The number of hydrogen bonds at the interface between CTX3C-ABCD and 10C9 Fab is nearly equal to the number at the interface between CTX3C-ABCDE and 10C9 Fab; there is a weak hydrogen bond between the nitrogen atom of the L-Arg 46 side chain in 10C9 Fab and the O a atom of CTX3C-ABCD (bond distance, 3.4 Å) that is not present in the other complex. Although the numbers of residues interacting with the antigen fragments in the two complexes are nearly identical, the total number of interactions of 10C9 Fab with CTX3C-ABCDE (70 interactions) is larger than the number of interactions with CTX3C-ABCD (55 interactions), which indicates that the conformation of the complex with CTX3C-ABCDE is more complementary than that of the complex with CTX3C-ABCD. In particular, the number of interactions with L-Tyr 36 and L-Pro 96 (located in framework L2 and CDR L3, respectively) is substantially higher for CTX3C-ABCDE than for CTX3C-ABCD. In contrast, the contribution of L-Trp91 to the antigen-antibody interaction is larger in the CTX3C-ABCD⅐10C9 Fab complex than in the CTX3C-ABCDE⅐10C9 Fab complex. L-Trp 91 interacts mainly with the C-and D-rings of the antigen fragments through van der Waals interactions, which may contribute to keep each antigen fragment on the paratope.
Note that not all of the amino acid residues of the flexible loops of the CDRs, which are disordered in ligand-free 10C9 Fab, interact directly with either antigen fragment, although the residues at the bottom of the flexible loops do form direct interactions. Taking all these results together, we conclude that the two antigen fragments are bound in 10C9 Fab in an identical manner, although there are some differences in the number of interactions and in the extent of the hydrogen-bonding network.
To investigate how 10C9 was matured, we compared the rearranged sequence of 10C9 with that of the corresponding germ line gene (supplemental Fig. 3 Fig. 4 ). Although they do not interact with the antigen directly, it is possible that these residues contribute to ligand binding. H-Asn 34 would play an important role in capturing the antigen via hydrogen bonding with a water molecule that interacts with both CTX3C-ABCD and CTX3C-ABCDE in the antigen binding pocket. Since H-Thr 61 forms a hydrogen bond with L-Asn 94 , it is plausible that H-Thr 61 contributes by stabilizing the VH-VL interaction. L-Pro 55 seems to fix the loop structure of CDR-L2, which forms the external wall of the antigen binding pocket.
Stabilization of the 10C9 Fab Complexes-We carried out an isothermal titration calorimetry study of the associations between 10C9 Fab and CTX3C-ABCD and CTX3C-ABCDE (supplemental Fig. 5 ). Thermodynamic parameters calculated from the titration curves are presented in Table 1 . The isothermal titration calorimetry study indicated that both CTX3C-ABCD and CTX3C-ABCDE bind to 10C9 Fab with a 1:1 stoichiometry, a result that agrees with the results of the x-ray crystallographic analysis. The association constants for CTX3C-ABCD and CTX3C-ABCDE were estimated to be 1.50 ϫ 10 7 M Ϫ1 and 9.02 ϫ 10 7 M Ϫ1 , respectively, indicating that absence of the E-ring reduces the binding affinity by a factor of six. The binding enthalpies for CTX3C-ABCD and CTX3C-ABCDE were estimated to be Ϫ45.7 and Ϫ68.4 kJ/mol, respectively, suggesting that the interaction between 10C9 Fab and CTX3C-ABCDE is more enthalpically favorable than that between 10C9 Fab and CTX3C-ABCD. In contrast, the binding entropies for CTX3C-ABCD and CTX3C-ABCDE to 10C9 Fab were determined to be Ϫ0.015 and Ϫ0.076 kJ mol Ϫ1 K Ϫ1 , respectively, suggesting that the interaction between 10C9 Fab and CTX3C-ABCDE is accompanied by a larger entropic loss due to binding. Although the interactions are enthalpy-driven in both cases, the binding enthalpy for the interaction with CTX3C-ABCDE is ϳ20 kJ/mol larger than that with CTX3C-ABCD, which suggests that the enthalpic contribution is significant for CTX3C-ABCDE. In general, favorable entropy increases are caused by the release of water molecules from the interface between two bound species (34) . Considering that binding of the antigen fragments did not change the number nor the arrangement of water molecules in the binding pocket, the entropy difference appears to be due to differences in the conformational degrees of freedom in the two complexes (35) (i.e. there are more degrees of freedom in the complex with CTX3C-ABCD than in the complex with CTX3C-ABCDE). These results suggest that the enhanced binding affinity of the longer antigen (bearing the E-ring) is due to a favorable enthalpy change.
To investigate the increases in stability upon ligand binding, we determined the thermostabilities of the CTX3C-ABCD⅐10C9 Fab and CTX3C-ABCDE⅐10C9 Fab complexes and ligand-free 10C9 Fab by differential scanning calorimetry (supplemental Fig. 6 ). Ligand-free 10C9 Fab exhibited a thermogram with a peak at ϳ78°C, which is a typical T m value for antigen-binding fragments (36, 37) . The T m value for the CTX3C-ABCD⅐10C9 Fab complex is nearly identical to that of the ligand-free form, whereas the T m value for the CTX3C-ABCDE⅐10C9 Fab complex is substantially higher (86.8°C). These results indicate that the stability of 10C9 Fab is markedly increased upon binding of CTX3C-ABCDE but not CTX3C-ABCD. The interaction of 10C9 Fab with the E-ring may be what leads to the increased thermostability of 10C9 Fab.
Induced Fitting Mechanism for the Antigen Fragments-We investigated the conformational changes that 10C9 Fab undergoes upon complexation with the antigen fragments to clarify the difference between the thermostabilities of the two complexes. Fig. 5 shows the structural differences in the variable regions of 10C9 Fab in the ligand-free state and in complexes with the antigen fragments. 10C9 Fab clearly undergoes rotational motion to accommodate the large, rigid polycyclic ethers, and there is a major difference in the degree of movement for the two complexes. In fact, 10C9 Fab seems to require a large motion to capture CTX3C-ABCD. To evaluate the difference between the conformational changes for the two complexes, we calculated the r.m.s. deviations by superimposing the C␣ atoms of the VH, VL, CH1, and CL domains of ligand-free 10C9 Fab with those of the CTX3C-ABCD⅐10C9 Fab and CTX3C-ABCDE⅐10C9 Fab complexes (supplemental Table 3 ). When the VH domain of the CTX3C-ABCD⅐10C9 Fab complex was superimposed on that of the ligand-free form, the r.m.s. deviation of the VL domain was ϳ2.5 times that of the VH domain itself, which indicates marked conformational changes in the variable region. In contrast, when the VH domain of the CTX3C-ABCDE⅐10C9 Fab complex was superimposed on that of the ligand-free form, the r.m.s. deviation of the VL domain was only 1.9 times that of the VH domain itself. These results indicate that 10C9 Fab undergoes a large rotational movement of the entire variable region to recognize CTX3C-ABCD but only a moderate movement to recognize CTX3C-ABCDE.
To investigate the overall conformational changes in 10C9 Fab caused by binding to the antigen fragments, we also investigated the constant regions of 10C9 Fab. When the CH1 and CL domains of the CTX3C-ABCD⅐10C9 Fab complex were superimposed on the respective domains of the ligand-free form, the r.m.s. deviation of the complementary domain was more than 2 times that of the corresponding domain itself. We believe that the structural change in the variable region of 10C9 Fab upon complexation with CTX3C-ABCD causes a large conformational change in the constant region. In contrast, in the case of the CTX3C-ABCDE⅐10C9 Fab complex, no significant increase in the r.m.s. deviations of the complementary domains was observed. This result suggests that the lower thermostability of the CTX3C-ABCD⅐10C9 Fab complex relative to that of the CTX3C-ABCDE⅐10C9 Fab complex is due to the marked conformational change that occurs in the constant region as a result of the large movement in the variable region of 10C9 Fab upon complexation with CTX3C-ABCD.
Contribution of the E-ring to the Stability of the Antigen-Antibody Complex-The crystallographic temperature factors of the C␣ atoms in the heavy chains of ligand-free 10C9 Fab and the CTX3C-ABCD⅐10C9 Fab and CTX3C-ABCDE⅐10C9 Fab complexes were investigated (supplemental Fig. 7) . Because the constant region in the light chain of the CTX3C-ABCD⅐10C9 Fab complex is disordered, the temperature factor of the light chain could not be compared with the factors for ligand-free 10C9 Fab and the CTX3C-ABCDE⅐10C9 Fab complex. In both complexes, the B-factor values of the variable regions are lower than the value for the ligand-free 10C9 Fab. In ligand-free 10C9 Fab, there are several regions whose temperature factors are particularly high; all of the regions are CDRs: CDR-H1, Leu (38) . However, these temperature factors are markedly reduced in both complexes, which suggests that the CDRs are well stabilized upon complexation. A large difference in B-factor values between the CTX3C-ABCD⅐10C9 Fab and CTX3C-ABCDE⅐10C9 Fab complexes was observed in the constant region (i.e. the temperature factors in the constant region of the CTX3C-ABCD⅐10C9 Fab complex are markedly increased upon ligand binding, whereas those in the CTX3C-ABCDE complex are decreased). These results suggest that the entire constant region in the CTX3C-ABCD⅐10C9 Fab complex is perturbed and destabilized compared with the identical region of ligand-free 10C9 Fab, although the constant region of the CTX3C-ABCDE⅐10C9 Fab complex is well stabilized. The difference between the thermostabilities of CTX3C-ABCD and CTX3C-ABCDE complexes (supplemental Fig. 6 ) is due to destabilization in the constant region of the CTX3C-ABCD complex. Therefore, it is plausible that the structural difference between the antigen fragments (i.e. the presence or absence of the E-ring) induces large differences in the structure and stability of the complex.
Recognition Mechanism for Ladder-like Polycyclic Ether Compounds-Because 10C9 Fab was prepared by immunization of mice with KLH-conjugated CTX3C-ABCDE ( Fig. 1 ) (11), the ligand-binding pocket of 10C9 Fab can be expected to be more suitable for CTX3C-ABCDE than for CTX3C-ABCD, and this expectation is confirmed with the results of our thermodynamic analyses. There are five common features of the interactions between 10C9 Fab and the two antigen fragments: the extraordinarily large and deep antigen-binding pocket, some hydrogen bonds and numerous van der Waals interactions in the antigen-binding site, the contribution of favorable enthalpy upon binding, rotational movement of the variable region upon complexation, and lowering of the B-factor values of the variable region of the complexes. The difference between the two antigen fragments with regard to the antigen-antibody interactions upon complexation is in the degree of structural rearrangement of 10C9 Fab. Upon complexation with CTX3C-ABCD or CTX3C-ABCDE, the entrance to the binding pocket of 10C9 Fab expands, and the structure of the protein adjusts to the antigen fragments by means of a rotational motion in the variable region, which extends to the constant region in the case of CTX3C-ABCD. Conformational rearrangement of 10C9 Fab provides the well established interactions with the antigen fragments. The hydrogen bond between the E-ring of CTX3C-ABCDE and H-Asn 58 of 10C9 Fab is important for stabilizing the antigen-antibody complex; the hydrogen bond forms part of an intramolecular hydrogen-bonding network that contributes to stable complex formation (Fig. 4) . In fact, the thermostability of 10C9 Fab is enhanced by 10°C upon complexation with CTX3C-ABCDE, and the B-factor values of the heavy chain decrease over the whole structure. In contrast, the incompleteness of the interaction with CTX3C-ABCD, due to the absence of the E-ring, induces a large structural rearrangement of 10C9 Fab in both the variable region and the constant region, which results in increases in the B-factor values of the constant region of the heavy chain. The contribution of the enthalpy upon binding is smaller for CTX3C-ABCD than for CTX3C-ABCDE, and this difference may originate from the distortion of the steric structure of 10C9 Fab in complex with CTX3C-ABCD.
Taking all of our results together, we propose that 10C9 Fab recognizes ladder-like polycyclic ethers by means of the mechanism outlined in Fig. 6 . 10C9 Fab contains a large, deep pocket to accommodate its large antigens. When CTX3C-ABCDE is inserted into the pocket, it imposes a rotational movement of the variable region of 10C9 Fab, and this movement stabilizes the complex. To bind to the smaller antigen (CTX3C-ABCD), 10C9 Fab must undergo a larger movement in the variable region to recognize the antigen, and this larger movement results in additional structural changes in the constant region, which destabilize the constant region. Our elucidation of the mechanism of the interaction between 10C9 Fab and antigen fragments should contribute to the fundamental understanding of the molecular recognition of polycyclic ether compound by antibodies.
Conclusion-In this report, we present the first atomic level description of the mechanical system by which the antibody for polycyclic ether compounds recognizes its antigens. Anticiguatoxin antibody 10C9 Fab undergoes a conformational change in the variable region with rotational movement to accommodate the antigens, and this rotational movement sometimes induces additional motion in the constant region, depending on the antigen. The keys for the recognition of a polycyclic ether compound possessing a large, rigid structure like that of CTX3C are the presence of a suitable pocket that can form contacts with the majority of the surface of the antigens, and the presence of polar residues that can form hydrogen bonds with the antigens. We expect our findings to be useful for the development of novel therapeutic agents, analytical reagents, and detection systems for ciguatoxin-like polycyclic ether compounds and for the development of functional antibody-based materials in the fields of chemistry and protein engineering.
